In order for a robot hand to grasp objects stably without using object models, tactile 
Introduction
Much recent work in tactile sensing has been devoted to recognizing objects and features. One method is to obtain an imagelike array of an object profile using high-density tactile sensors (Hillis 1981 ; Overton and Williams 1981 ) . This is useful for identifying the location, orientation, and shape of an object with complicated surfaces or identifying surface defects. Another approach to the recognition problem uses local lowlevel tactile information and object models to recognize objects (Gaston and Lozano-P6rez 1983) .
Some low-level tactile sensing operations that are useful for basic grasping include those in which the intent is keeping an object stably grasped in a hand rather than recognizing it. The requirements for grasping polyhedra on a plane with two fingers without object models have been described by Fearing (1984) .
The most useful parameters to know are the surface normals, the angle and magnitude of a force at a contact, and whether the finger is touching a comer or edge. These parameters are a subset of those required to recognize general features. This paper attempts to show how grasping information can be recovered using simplified solid mechanics models and basic contact theory. Consideration of the mechanics has been infrequent in the design and use of tactile sensors (an exception is Kinoshita 1977 ).
There has been some work on sensing forces at fingers using tactile sensation to prevent slip (Stojiljkovic and Clot 1977) . Other techniques have relied on using rollers to detect the slip of an object in parallel jaw grippers (Masuda, Hasegawa, and Osako 1976 ). At a more advanced level, the tactile array approach will provide some useful information for manipulation, such as finding a specific feature that is crucial to orienting a part accurately. A finger must have a compliant covering to take advantage of the increased prehension stability possible at corners (Fearing 1983 There are two different approaches to the tactile transduction problem. The first approach is based on measuring the deflection of a flexible membrane when it contacts a rigid object or the height of pegs touching an object (Page, Pugh, and Heginbotham 1976) . The measurement is sometimes done by an optical sensing scheme (Ozaki, Waku, and Mohri 1982) . The second approach is based on measuring forces beneath the surface, for example by changing electrical contact areas (Hillis 1981 ) (Lederman 1978 For the stresses due to the point indenter or line load (Eq. 4), the strains from Eq. (7) (Sokolnikoff and Redheffer 1966) states that if the system of equations (12) Figure 7 shows the assumptions used for these contacts. Assume the side is perpendicular to the finger and is moving perpendicularly into the skin. For the vertex, assume its centerline is perpendicular to the edge of the finger and is moving perpendicularly into the skin. These can be viewed as contacts with a normal force but no moment (Fig. 7A) . Figure 7B shows normal contacts with a tangential force. The most general case of a moment and a traction force is shown in Fig. 7C Fig. 8 where P is the force per unit length and a is the halfwidth of the contact.
The second case is roughly equivalent to a wedge of 90 degrees being pressed into an elastic half-plane. This stress is given by Gladwell (1980) and Robinson and Thompson (1974) as where K is a function of Poisson's ratio and the modulus of elasticity and 0 is the vertex angle. Figure 9 shows the stresses and strains for these two In the solid mechanics literature, the common problem is the rigid cylinder indenting an elastic layerthe punch problem-rather than an elastic cylinder contacting a rigid plane. Bentall and Johnson (1968) have done an analysis in which the elasticity of the cylinder and layer are equal. Hahn and Levinson ( 1974) Fig. 11 .
The half-width of the contact (Bentall and Johnson 1968 ) is where R is the radius of the cylinder.
For equilibrium in the contact region, the stresses should be equal and of opposite sign on the cylinder and the surface. Now for an elastic cylindrical finger contacting a side, there should be no infinite stresses such as occur at sharp edges of indentations. Also, the stress will have a peak value in the center of the contact and will approach zero at the edges. Using this justification, we will assume that the stress on the 
Determining the Side-Finger Contact Force
For a finger touching the side, we will assume that the contact is of the form shown in Fig. 7B , with both normal and tangential components but no moment. The tangential components will be modeled as all being in the same direction with a force that is directly proportional to the magnitude of the normal force (Smith and Liu 1953) . Figure 12 shows The spectrum of the &dquo;impulse response&dquo; h{ y) can be found from simple properties of Fourier transforms:
The incompressible medium in plane strain has no response to a zero spatial frequency, that is, a constant pressure over an infinite extent, because there is no space for the medium to escape into.
The frequency response of the elastic medium as shown in Fig. 15 In Fig. 16 we compare the strain amplitude between the unridged and ridged fingers, where the ridges are of the optimal wavelength. In both cases the sensors are at the same depth. The total contact stress is approximately the same in this example for the unridged and ridged cases. Here the ridges can enhance the amplitude by a factor of 4. The sensors should be located beneath and between ridges to detect the maximum-amplitude peaks. This technique is similar to the electrical chopper that allows a dc level to pass through an ac coupled circuit.
It is curious to note that the human finger has a mechanoreceptor located directly beneath every papillary ridge (Lederman 1978 Figure 17 shows three fingers applied to a surface with the same normal force but with different covering softness. For the very stiff skin, the contact is not large enough to determine the size of the particle. For the very soft skin, the stress due to the small particle may become proportionally less significant than the stress due to contact with the surface around the particle. Figure 18 shows locations where two point forces can be applied that will give a response in the two sensors equivalent to a single point force. In Fig. 19 , a third sensor has been added to allow discrimination between all the two-point and one-point cases, limited by the measurement accuracy. It will be difhcult to distinguish points that give responses far down on the &dquo;tails&dquo; of the channel.
It is probably reasonable not to spread the sensors too far apart. A guess is that the practical maximum separation would be less than twice the depth of the sensors. This would give a two-point discrimination limit about equal to the depth of the sensors. (Note that for the two-point discrimination task, the modulus of elasticity has no effect on the width of the strain response, so it will have no effect on the resolution.) More work should be done on choosing the depth and sensor spacing to optimize discrimination.
It seems that some recognition tasks would be easier using a sensor that responded to deformation. The elastic medium was examined as a signal processing element, which led to the interesting possibility of maximizing strain sensor output by adding a grating to the sensor surface with a period equal to the sensor depth times 2n.
We have not attempted to determine stresses and strains for the generalized three-dimensional contact. At least five strain measurements are required to determine the magnitude, two angles, and y,z-location of a point force on an elastic half-space. These equations are quite complicated (Mindlin 1936 probably not suffice for determining curvature and more complicated force-resolving problems.
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